We examined the genetic structure of populations of an ambrosia beetle, Xylosandrus crassiusculus. Specimens were collected from 22 sites in Japan and their genetic structure was studied using a portion of the mitochondrial cytochrome oxidase I gene. Phylogenetic analysis revealed three distinct lineages (clades A, B and C), each of which was divided into two subclades (A 1 , A 2 , B 1 , B 2 , C 1 and C 2 ). Subclade A 1 had 17 haplotypes from Hokkaido, Honshu and Kyushu populations, subclade A 2 5 haplotypes mainly from Shikoku populations, subclade B 1 15 haplotypes from central and western Honshu and Amami populations, subclade B 2 2 haplotypes only from Naha population, subclade C 1 4 haplotypes from Amami and Naha populations, and subclade C 2 5 haplotypes only from Ishigaki population. Analysis of molecular variance detected genetic differentiation among populations. The data imply that the genetic structure of Japanese populations of X. crassiusculus has been affected by the geological history of the Japanese islands, but that the mtDNA phylogeographic pattern is so complex that we could not infer any simple scenario of population history in X. crassiusculus.
INTRODUCTION
Ambrosia beetles (Curculionidae: Scolytinae and Platypodinae) have close associations with symbiotic fungi, boring into the xylem of woody plants and feeding on fungi that they inoculate into the tunnels (e.g., Beaver, 1989; Nobuchi, 1994a; Kajimura, 2003) . The biology of Xylosandrus crassiusculus (Motschulsky) was well-documented by Atkinson et al. (1988) . Only females disperse and bore into woody stems in which they construct branching gallery systems in which the eggs are laid, and larval and pupal development occurs. The parent female remains with her brood until they are mature. Both adults and larvae feed on the ambrosia fungus introduced by the parent female. The sex ratio is strongly female-biased; males are rare, reduced in size and flightless. Young females mate with their brothers (inbreeding) before emerging to attack a new host. Males are presumed to be haploid, although females are diploid. Xylosandrus crassiusculus was originally distributed in East and Southeast Asia, but was probably carried by humans to the Pacific islands and Africa, and more recently has invaded Europe, North and Central America, and Hawaii via trade (Wood, 1982; Nobuchi, 1985; Atkinson et al., 1988; Pennacchio et al., 2003; Rabaglia, 2003; Rabaglia et al., 2006; Mattson et al., 2007) . The species has also been collected from imported wood in New Zealand (Brockerhoff et al., 2006) . Xylosandrus crassiusculus usually attacks felled trees and logs (Nobuchi, 1994b) , but it can become a nursery and shrub pest, especially where it has invaded (Atkinson et al., 1988; Rabaglia et al., 2006) . The beetle has at least 124 host species (Schedl, 1963 (as Xyleborus semiopacus Eichhoff); Atkinson et al., 1988) .
In Japan, X. crassiusculus has been found on Hokkaido, Honshu, Shikoku, Kyushu, and the Ryukyu Islands (Nobuchi, 1985; Uchida et al., 2006) and collected from 31 host species (Kabe, 1959) . The four main islands of Japan (Hokkaido, Honshu, Shikoku, Kyushu) belong to the Palearctic zoogeographic region and Ryukyus to the Oriental region. The Tokara Strait marks the border between the two regions (Watase line). The Palearctic region in Japan is divided by the Tsugaru Strait (Blakiston line) into Chinese and Siberian subregions. This beetle is distributed across zoogeographic borders in Japan. Wood borers can disperse via driftwood (Oevering et al., 2001) . The Kuroshio sea current is the main warm current in Japan, and flows from west and south to east and north, branching off in several directions (the Tsushima Current). It has not been examined whether drift-wood-mediated dispersal played a role in the range-expansion/gene flow of X. crassiusculus from Ryukyu Islands to the four main islands of Japan.
In this study, we examined the genetic structure of Japanese populations of X. crassiusculus to provide insights into the factors that have affected the establishment of individual populations.
MATERIALS AND METHODS

Insects.
We collected samples of X. crassiusculus from 22 sites in Japan (Table 1) . To capture live adults, in 2004 host trees (Lindera spp. and Acer spp.) were felled at four sites (YMT, AIT, KTM, TTT), and in 2005 traps (Ito and Kajimura, 2006) baited with 99.5% ethanol were set up at all sites. We used 1 to 19 mature females from each site (Table 1) . Adult females of Xylosandrus germanus (Blandford) and Xylosandrus brevis (Eichhoff) were also trapped in Aichi Prefecture (AIT) and one of each was chosen as an outgroup for our phylogenetic analysis. All the collected beetles were preserved at Ϫ20°C in 99.5% ethanol until analyzed.
DNA extraction and polymerase chain reaction. Total DNA was extracted using the Chelex method (Walsh et al., 1991) , with some modifications. All muscle tissue from the abdomen of each adult female was sampled, and 200 ml Chelex 100 sodium (0.26 g/5 ml; Bio-Rad Laboratories, Hercules, CA, USA) and 4 ml proteinase K (20 mg/ml; Novagen, Nottingham, UK) were added. The samples were incubated at 56°C for 3 h. After incubation, the samples were vortexed for 10 s and then heated at 99°C for 3 min to inactivate the proteinase. The solutions were vortexed again for 10 s and centrifuged at 15,027ϫg for 2 min. The supernatant was adjusted to standard mixture density (1 ng/ml) by the addition of Tris · EDTA (pH 8.0).
For each sample, we amplified a fragment of ca. 800 bp mtDNA that included a portion of the cytochrome oxidase I gene (COI) by polymerase chain reaction (PCR), using primers C1-J-2183 (5Ј-CAA CAT TTA TTT TGA TTT TTT GG-3Ј; Simon et al., 1994) and TL-2-N-3014-ANT (5Ј-TGA AGT TTA AGT TCA ATG CAC-3Ј; slightly modified from the primer used by Simon et al., 1994 ; K. Hamaguchi, unpublished data; see also Ito et al., 2008) . For PCR analysis, we mixed 1 ml extracted DNA, 2 ml each primer (5 pmol/ml), 0.8 ml dNTPs (Takara, Otsu City, Shiga, Japan), 1 ml 10ϫ PCR buffer (Takara), 0.1 ml Taq DNA polymerase (5 units/ml, Takara), and 3 ml distilled water in a total volume of 10 ml. Thermal cycling conditions were 94°C for 1 min, followed by 40 cycles of 48°C for 1 min and 72°C for 2 min. The samples were refrigerated at 4°C until the reaction tubes were removed from the PCR machine.
Purification of PCR products and DNA sequencing. PCR products were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA, USA). Direct sequencing was performed with the ABI Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) using the same primer set as used for the PCR reaction. Sequencing was conducted with an ABI PRISM-3100 Genetic Analyzer (Applied Biosystems).
Data analysis. Sequences were aligned using BioEdit v.7.0.2 software (Hall, 1999) . The numbers of transitional and transversional pairs were calculated using MEGA 3.1 software (Kumar et al., 2004) . We used the neighbor-joining (NJ) method (Saitou and Nei, 1987) with MEGA 3.1 and the maximum-likelihood (ML) method (Felsenstein and Churchill, 1996) with PHYLIP 3.65 software (Felsenstein, 2004) . Genetic distances (D) were established using the Tamura-Nei genetic distance model (Tamura and Nei, 1993) , and 1,000 bootstrap replications were performed for statistical assessment of phylogenetic trees. The transition/ transversion ratio (5.10), estimated by MEGA 3.1 software, was assigned to the PHYLIP program to perform DNAML analysis. Using the Tamura-Nei genetic distance model, we evaluated the population structures by analyzing molecular variance (AMOVA; Excoffier et al., 1992) and calculated the Phylogeography of Xylosandrus crassiusculus coefficient of gene differentiation (F ST ; Slatkin, 1991) to reveal the extent of genetic differentiation between populations. For AMOVA, we divided the populations into three groups based on the zoogeographic region: Hokkaido (HKS), Ryukyus (KGA, OKN, OKI), and Honshu and Shikoku (YMT, CBK, NGM, NGC, TYN, SZS, AIT, MEI, KTM, WKT, TTT, HRM, KUH). AMOVA and F ST calculations were conducted with Arlequin v. 3.0b software (Excoffier et al., 2005) , using permutation tests with 10,000 replications. Five populations (IWI, SIC, NGS, KTN, MYK) were excluded from the analyses because of their small sample sizes (nϽ3).
RESULTS
COI sequences of 799 bp showed 32.59% G/C content. Genetic diversity was 0.9132Ϯ0.0120 (meanϮSE) and nucleotide diversity was 0.07859Ϯ0.03767. There were 114 variable positions in COI, and the mutation rate by transition was 89%. The numbers of transitional and transversional pairs were higher in the third codon (29 and 6, respectively) than in the first (5 and 0) and second codons (0 and 0).
We defined 48 haplotypes from 206 individuals ( Table 2) . Haplotype Xc 01 was detected at the largest number of sampling sites (seven), followed by Xc 23 (six) and Xc 06 (four). All other haplotypes were found at one or two sites.
The X. crassiusculus haplotypes were clustered as a monophyletic group distinct from the two outgroups in the NJ and ML trees (Fig. 1) . NJ and ML trees showed striking similarities in topology. Phylogenetic analysis revealed three distinct clades (A-C) with high bootstrap values ( . Bootstrap values were 62% for subclade A 1 , 80% for A 2 , 100% for B 1 , 100% for B 2 , 99% for C 1 , and 100% for C 2 (Fig. 1) . The genetic distances (D) were 0.067 between clades A and B, 0.083 between A and C, and 0.091 between B and C ( Table 1 . Haplotype codes Xc 01-48 correspond to the haplotypes in Table 2 . Xb and Xg represent Xylosandrus germanus and Xylosandrus brevis, used as outgroups. Table 1. A 1 haplotypes, subclade A 2 haplotypes and subclade B 1 haplotypes, respectively. All haplotypes of Ishigaki population (OKI) belonged to subclade C 2 . In the NGM population, subclades A 1 and B 1 were represented by 10 and one individuals, respectively. In Shizuoka (SZS), Toyama (TYN) and Hiroshima (HRM) populations, subclade B 1 (48 individuals) predominated over subclade A 1 (two individuals) and subclade A 2 (one individual).
Amami (KGA) and Naha (OKN) populations had subclade C 1 (three individuals) and subclade B 1 (two individuals) and subclade C 1 (two individuals) and subclade B 2 (three individuals), respectively.
In AMOVA, a significant covariance component was detected among groups, among populations within groups and within populations (Table 3) . Most genetic variation was found among populations within groups (55.13%, pϽ0.001; Table 3 ). (Table 2) . Circle size is proportional to sample size. Population names are defined in Table 1 . 
DISCUSSION
Ryukyus have been isolated from Kyushu since at least the late Pliocene, and no land bridge has formed since then (Ota, 1998) . The green chafer Anomala albopilosa (Hope) has different genetic lineages in Kyushu and central Ryukyu (Amami) populations (Muraji et al., 2008) . Xylosandrus crassiusculus also shows large genetic differences between the Ryukyu and other populations (Tables  3 and 4 ). Clade C was found only in Ryukyu Islands, and clades A and B were found mainly in the other four main Japanese islands (Figs. 1, 2, and Table 2 ). The Kerama gap between central Ryukyu and southern Ryukyu has not been closed since the early Pleistocene (Ota, 1998 ).
In the wood-feeding cockroach Salganea taiwanensis Roth, central Ryukyu (Okinawa) and southern Ryukyu (Ishigaki and Iriomote) populations are differentiated (Maekawa et al., 1999) . Within clade C, X. crassiusculus has different subclades (C 1 and C 2 ) in southern Ryukyu (OKI) and central Ryukyu (KGA and OKN), respectively ( Figs. 1 and 2 ), suggesting that geological barriers may prevent X. crassiusculus from migrating between the southern and central Ryukyu Islands.
Subclades B 1 and B 2 , however, were found in Amami (KGA) and Naha (OKN) populations, respectively (Figs. 1, 2 , and Table 2 ); therefore, factors other than geological history probably also affected the genetic structure in Ryukyu populations. As a possible explanation, the presence of subclade B 1 (Xc 23) on Amami (Figs. 1, 2 , and Table 2 ) may be due to human transportation of beetles between populations. We can not infer a simple population history for why subclade B 2 is unique to Naha (Figs. 1, 2 , and Table 2 ).
The haplotypic distribution does not support X. crassiusculus expanding via driftwood-mediated dispersal from Ryukyu Islands to the four main islands of Japan, because subclade B 2 and clade C haplotypes were only found on Ryukyu Islands despite the Kuroshio and Tsushima Currents.
Most subclade A 2 haplotypes occurred in Shikoku (KUH) (Figs. 1, 2, and Table 2 ) and all F ST values were significantly larger than zero between Shikoku and other sites (Table 4 ). This genetic separation of Shikoku population possibly resulted from the geographical separation of the island. Since only a single population was sampled on the island, further investigations are necessary to document the genetic structure of populations in Shikoku. In Kyushu, we investigated only one specimen of the beetle. Thus, further experiments using more samples are needed to clarify the genetic structure in Kyushu.
Subclade A 1 had a wide distribution in Hokkaido, Honshu and Kyushu, whereas subclade A 2 (only one individual) was found only in Hiroshima. Subclade B 1 was mainly found in central and western Japan, but also in Amami (Figs. 1, 2 , and Table 2 ). These three subclades did not comprise a monophyletic group (Fig. 1) . At present, we can not easily explain these facts by the geological history of the Japanese islands.
A possible explanation for the genetic diversity is that X. crassiusculus includes some cryptic species in Japan. In the Scolytinae, Tomicus destruens (Wollaston), was once considered an ecotypic form or variety of Tomicus piniperda (Linnaeus), but is now considered to be a good species (Kerdelhué et al., 2002) . In addition, Kerdelhué et al. (2002) found a significant genetic structure when populations of T. piniperda were grouped by host plant species rather than by geographical region. Genetic analyses of X. crassiusculus populations attacking different host species are necessary. Furthermore, nuclear DNA needs to be examined as an additional genetic marker.
Genetic distances (D) among clades ranged from 0.067 to 0.091 (Fig. 1) . These values are similar to those calculated as differences among some species in the genus Tomicus (Dϭ0.104-0.141; Duan et al. 2004) and Ips (DϾ0.120; Lakatos et al., 2007) of scolytine bark beetles; however, in other species of Scolytinae, large values of genetic distance were found among populations (e.g., X. germanus, DϷ0.112-0.150; Ito et al., 2008; Ozopemon brownei Hagedorn, DϷ0.073-0.130, Jordal et al., 2002a ; Coccotrypes fallax (Eggers), DϷ0.095, Jordal et al., 2002b) . Experiments such as comparison of the male genital morphology and crossbreeding between insects with different mtDNA clades are needed to clarify whether X. crassiusculus forms a species complex.
Another possibility is that X. crassiusculus mtDNA had evolved into subclades before colonizing the Japanese islands. The genetic structures of a leaf beetle, Chrysolina virgata (Motschusky) (Sota et al., 2004) and an ambrosia beetle, X. germanus (Ito et al., 2008) suggest that distinct mtDNA lineages represent colonizers of different epochs in Japan. The mtDNA subclades of X. crassiusculus may also have colonized the islands independently. Further phylogeographical analysis using populations in East and Southeast Asian regions will be needed.
The phylogeography of X. crassiusculus mtDNA may have been affected by the geological history of the Japanese islands; however, at present, we can not propose any simple scenario of how the genetic structure of Japanese populations of X. crassiusculus formed in relation to the geological history. Studies using samples from more localities are needed to exactly document the geographical pattern of mtDNA variation in Japanese X. crassiusculus populations.
